Recent years have witnessed speed up of moving vehicles such as high-speed of trains. Increase in speed entails concomitant increase in turbulent air flow which contributes toward increased aerodynamic noise. The proposed method for aerodynamic noise reduction is based on a biomimetic design of owl feather. The five morphological parameters of the owl feather are extracted from close observation, and simulation cases are constructed by applying design of experiments methodology. Swirling strength for each case is obtained through steady-state CFD analysis, and key morphological parameters that affect the turbulence are identified. Large eddy simulations (LES) are then performed on selected cases to predict the air turbulence. Different cases show varying vortex distributions which are expected to lead to varying aerodynamic noise levels.
Introduction
In recent years, high-speed trains have come to enjoy wide acceptance as swift, convenient, and environmentfriendly means of transportation. At the same time, increase in the operating speed poses additional challenges. In particular, concomitant increase in the vibration and sound levels adversely affects passenger comfort and pose community noise problem. For the train speed in excess of 300 km/h, aerodynamic noise level rapidly increases due to separation of turbulent flow and vortex shedding. The parts of the train that significantly contribute toward aerodynamic noise are the pantograph and inter-coach space. The pantograph which supplies electric power to the train during operation is located on top of the train and acts as a source of aerodynamic noise due to vortex shedding. The inter-coach space between the adjacent cars disturbs the air flow, leading to flow separation [1] which causes vortex shedding. The vortex then impinges on the exterior surface of the train car which in turn transmits noise into the cabin. Research works on reducing inter-coach space noise by adjusting the gap at the intercoach space, for instance, have been reported [2, 3] .
Biomimetic refers to an engineering design methodology that draws inspiration from, and mimics structures, materials or processes existing in nature or life forms. From Leonardo da Vinci's airplane design that mimics flight of birds to automobile exterior design by Mercedes Benz that mimics polka dot boxfish, numerous efforts to adopt life forms and processes to man-made products and processes have been reported.
An example of biomimetic is noiseless flight of owl where the noise reduction is effected by micro-scale comblike structure in the wing feather that disrupts the formation of large-scale turbulence. A structure that mimics owl's feather has been installed on pantograph of Shinkansen Line in Japan where appreciable reduction in aerodynamic noise has been achieved [4] .
The present study attempts to apply the noise reduction mechanism of owl's feather to inter-coach space of the Korean High-speed Train. A full-scale mock-up of intercoach space is used to obtain aerodynamic noise level measurement data via wind tunnel testing. The numerical simulations are used to elucidate the mechanism whereby by the owl's wing feather affects the turbulent flow during owl's flight, which in turn influences the aerodynamic noise generation. By constructing simulation test cases with different shape factor levels using Taguchi-based design of experiment technique, steady state flow analysis is performed to obtain optimal feather shape that minimizes the turbulence level. The turbulent flow analysis that incorporates unsteady flow is then performed to gain understanding of the mechanism whereby the vortex formation that leads to aerodynamic noise can be abated. It is hoped that the results of the present study will lead to a design for significantly reducing the aerodynamic noise in high-speed trains.
Inter-coach Aerodynamic Noise
2.1 Wind tunnel experiment 2.1.1 Inter-coach space test model For characterizing aerodynamic noise at inter-coach space in Korean high-speed train, a full-scale mock-up of inter-coach space is constructed and tested in the wind tunnel. The mock-up is made of acryl, and the dimension of the inter-coach space is set at 300 mm. The experimental set up of the inter-coach space mock-up is shown in Fig. 1. 
Measurement setup in wind tunnel
A suction-type wind tunnel with medium size subsonic speed open-loop control has been utilized for sound measurements. Variation on the wind velocity is kept to within 1% of the mean velocity while turbulent flow within wind tunnel is kept within 0.2%. To reduce flow loss at the inlet of wind tunnel, honeycomb and screen for uniform air flow and bell-shaped mouth have been installed. The inlet wind speed is varied from 185 km/h to 235 km/h in five speed stages with measurements taken at each stage. The inlet velocity is equivalent to the train velocity. For noise measurement, a DAT recorder and a sound-level meter NL-20, a calibrator and a tripod are used. As shown in Fig. 1 , the sound-level meter is placed at a location 300 mm from the end of the inter-coach space in the downstream direction [5] .
Aerodynamic sound measurement
During sound measurement in the wind tunnel, the effect of the blower and the cavity flow arising from the existence of the cavity in the inter-coach space mock-up need to be accounted for. The effect of the blower is related to the number of the turbine blades in the blower and can be calculated using Eq. (1). Since the blower noise component is absent during actual run of the high-speed train, this component should be deleted from the measurement data.
(1)
The effect of the cavity flow arises from the flow feedback phenomenon that starts with the formation of the vortices due to the desquamation of the flow as it passes over the front edge of the mud-flap and the cavity. The flow then crashes into the rear edge and generates sound wave. The sound wave is in turn transmitted to the front edge and engenders yet additional vortices. During wind tunnel testing, severe vibration of the mock-up was observed due to this phenomenon. The frequency of the vibration within the cavity engendered by acoustic pressure feedback mechanism can be predicted by empirically based Rossiter's equation derived by considering the cavity flow and acoustic pressure feedback phenomena, as given by Eq. (2). (2) where L denotes the length of the cavity, U c denotes the convection velocity, c is the sound velocity, and β is the phase lag set to 0.25. The convection velocity used in Rossiter's equation is approximately 60% of the flow velocity. Table 1 compares the measured peak frequencies from wind tunnel experiment and theoretically predicted peak frequencies obtained by applying Rossiter's equation. While differences in the values can be noted, a similar pat- − 76 − tern of peak frequencies can be observed. Fig. 2 shows aerodynamic noise measurements for three separate train speeds. There are low frequency peaks that are dependent on the train speed as well as high frequency peaks that are similar for different train speeds.
Turbulent Flow Field Analysis in the Steady State

Factor extraction and simulation cases
For elucidating the noiseless flight mechanism, owl's wing feather shape as well as flight pattern was investigated. Unlike in other birds, owl's feather contains microscale comb-like structure called flight feather that helps generate small vortices which in turn prevent large vortex formation. Since large vortex formations in birds are known to cause aerodynamic noise, small vortices can help to reduce aerodynamic noise by preventing large vortex formation. In the present study, five factors describing the feather shape that could play major role in the formation of vortices have been extracted and simulation cases based on Taguchi-based design of experiment method have been set up by assigning three levels for each of the five shape factors denoted the control factors. Table 2 lists five control factors each with three levels and Fig. 3 illustrates how the control factors define the shape of the flight feather.
Numerical prediction of vortices
Mesh generation and modeling
Applying Taguchi-based design of experiment method yields 27 orthogonal arrays which serve as test cases for numerical experimentation. Numerical analysis models of the owl's feather for the 27 cases have been generated by employing commercial CAD software UGNX. To save computation time, the model contains just three flight feathers. A well-known commercial software Hypermesh is used during mesh generation. During meshing, surface of the train coach and the analysis domain have been divided into small-scale system volumes, with each model containing six hundred thousand ~ eight hundred thousand tetrahedral meshes.
Governing equations and boundary conditions
The density, temperature, and viscosity of the air at the inlet are treated as constants shown in Table 3 , and the fluid flow is allowed to exit freely.
At the boundary, the velocity of the air at the inlet is uniformly set at 55.56 m/s. The surface of the simulation model perpendicular to the flow is modeled as a moving wall that moves with the flow velocity so as to approximate the flow condition within the infinite field. A steady state incompressible flow analysis in three dimensions is Table 4 .
Numerical results
For each simulation case, swirling strength has been computed as a measure of the magnitude of vortex formation. For the base model of the inter-coach space with no plumage, i.e., for the case before any noise reduction design based on owl's feather have been implemented, the swirling strength is computed to be 766.67 S -1
. For Case 24 in contrast, swirling strength of 663.14 S -1 is obtained, leading to appreciable reduction in swirling strength. Fig. 4 shows swirling strength for 27 simulation test cases.
Determination of major factors
Since the swirling strength directly measures the magnitude of the vortex formation, smaller-the-batter characteristics is applied with S/N ratio calculated as in Eq. (3) [7] .
(3) Fig. 5 shows the computed S/N ratio for each control factor which allows main effect for each control factor to be evaluated. Fig. 5 shows that the length of the feather and Z-axis angle are the factors that have major influence on S/N ratio and hence can be considered to be major design factors. Table 5 list the degree of influence of each control factor on the vortex formation [8] . By comparing the magnitude of the vortex formation calculated by the steady flow analysis, the flight feather shape that minimizes the vortex formation has been proposed as shown in Table 6 . − 78 − For high Reynolds number flow associated with aerodynamic sound, there is mutual exchange of energy between small-scale flow at high frequency and turbulent intermittent fluid motion. Direct numerical simulation at Kolmogorov scale incorporating turbulent vortices can be unrealistic with respect to the computation cost and time.
Turbulent Flow Field Analysis
Turbulence model
LES (Large-Eddy Simulation) is a CFD analysis method that accounts for certain level of unsteady state flow and that offer more realistic alternative in terms of the computation cost and time. In the present study, LES method is used to simulate unsteady fluid flow. The proposed LES method entails building a SGS (SubGrid-Scale) model. For approximating SGS effect for large scale, sub-grid scale turbulent viscosity model [9] is used, and Smagorinski-Lilly model is selected for computing Subgrid Scale viscous model. Smagorinski-Lilly model ensures overall energy conservation by suitably accounting for the energy dissipation capacity and incorporating energy transfer assumptions into eddy-viscosity. The model is expressed by the following equation, (4) (5) where denotes mixing length, denotes von Kármán constant, d is the distance to the nearest surface, is Smagorinsky constant, and V denotes the mesh volume.
Numerical analysis
The present study has applied the LES method described above to obtain turbulent flow field incorporating the unsteady-state flow. For subgrid-scale viscous model, Smagorinsky-Lily model has been used, and for Smagoronsky constant, 0.1 has been set as suggested by Lilly [10] .
The analysis model uses identical meshing and boundary conditions as in the steady state analysis of Section 3. The analysis has been carried out for the base model, i.e., with no flight feather installed, and of the 27 simulation test cases with flight feather shapes installed, Case 14 with the largest swirling strength and Case 24 with the smallest swirling strength has been selected for further analysis.
Simulation results
Figs. 6-a and 6-b show side view contours of the vortices distributions for the base model and Case 24, respectively. The white parts represent the rigid bodies corresponding to model outlines. For the base model, Fig.  6 -a shows the generation of periodic vortices that lead to large vortices generated at the tip. For Case 24, vortices are still generated at the tip but they are much smaller and the climbing-up of the fluid along the surface of the flight feather is also observed. Fig. 7 shows streamline of fluid particles. As the fluid meets the flight feather it separates and flows along the surface outline of the feather leading to smaller vortices compared with the base model. For the base model, fluid separation occurs just once at the tip but for Case 24, there are consecutive separations as the fluid interacts with the flight feather. Fig. 8 shows top view of vortices distributions for the base model and Case 24 model. Case 24 shows much diminished vortex formation compared with the base model. Again, flight feather is thought to separate vortices generated at the tip of the base model and acts as a conduit allowing the fluid to climb up, thus preventing the formation of large vortices. As the flow is separated by the flight feather, the time taken for separation of the flow to complete is also temporally elongated, further diminishing sudden fluctuations in the fluid flow.
For comparison, Case 14 is examined. According to Fig. 9 , the fluid flow for this case shows greater vortices than that of the base model. For Case 14, the flight feather with ele- 
Conclusion
The present study proposes a design method for reducing aerodynamic noise in high-speed trains based on biomimetic of noiseless flight of owl. Five factors related to the morphology of the flight feather have been selected, and by applying appropriate design of experiment procedure, the table of orthogonal array of simulation test cases is generated. The fluid flow simulation in the steady state is carried out for all simulation test cases, and the candidate optimal shape of the flight feather is determined. The turbulent flow field analysis incorporating unsteady state fluid flow is then carried out for the base model and the simulation with the optimal shape of the flight feather. The optimal shape is shown to lead to diminished vortex formation by causing separation of the flow as well as allowing the fluid to climb up along the surface of the flight feather.
